is usually associated with myocardial infarcts that involve the interventricular septum. In an effort to more closely mimic the anatomic substrate that gives rise to chronic VT in humans, we developed a canine model of VT in which the anterior septal coronary artery was ligated. The site of earliest activation, the subsequent activation sequence, and the mechanism of VT associated with the resultant ventricular septal infarct was then evaluated to determine if this model accurately reflected the characteristics of human VT.
Methods and Results Seventeen dogs underwent occlusionreperfusion ventricular septal infarcts. Four to 7 days later, electrophysiological studies were performed. VT was initiated by programmed electrical stimulation and terminated by pacing at a cycle length of 50% to 75% of the VT cycle length. Electrophysiological studies were performed using a 256-channel mapping system. A total of 15 VT morphologies were mapped in 9 animals. Fourteen of 15 morphologies had septal subendocardial sites of earliest activation and 1 had a septal midwall site of earliest activation. VT ablation was performed using a nitrous oxide cryoprobe and confirmed the site of earliest activation by subsequently rendering VT noninducible. Electrophysiological studies demonstrated four distinct VT activation sequences: (1) circular reentrant (n=7), (2) concentric spread (n=5), (3) figure-of-eight (n=2), and (4) septal midwall (n= 1).
Conclusions This canine model of ventricular septal infarction produces VTs with sites of earliest activation and activation sequences similar to those in humans. A reentrant mechanism as the basis of these arrhythmias is supported by the following observations: (1) all VT was initiated and terminated with programmed electrical stimulation; (2) VT activation sequences were consistent with reentry; and (3) precise interruption of the sequence terminated the VT and rendered it noninducible. (Circulation. 1994; 90:2982 -2992 Key Words * tachycardia * ischemia * heart diseases . infarction P reviously reported canine models of chronic ventricular tachycardia (VT) have involved ligation of the left anterior descending coronary artery and/or its branches.1,2 The resultant free wall infarcts produce VT with reentrant mechanisms but with a subepicardial site of earliest activation. 12 A number of studies have demonstrated the site of earliest activation of chronic human VT is normally in the subendocardium3-6 and that the majority of human VT is associated with infarcts extending into the interventricular septum.7-'6 Whereas the blood supply of the human interventricular septum arises from three to five large septal perforators that arise from the left anterior descending coronary artery, 75% of the canine interventricular septum receives its blood supply from a single artery, the anterior septal coronary artery. 17 To more closely mimic the anatomic substrate that gives rise to chronic VT in humans, we developed a canine model of chronic VT by creating ventricular septal Septal a.
-LAD FIG 1. Drawing of the heart with the right ventricular free wall cut away to show the course and distribution of the anterior septal coronary artery (a). Occlusion-reperfusion infarcts of this artery were used to produce ventricular tachycardia in this study. Sections 1 through 5 at right are made at 1-cm intervals and show a typical infarction from base (section 1) to apex (section 5) traced from a postmortem specimen stained with 2,3,5-triphenyltetrazolium chloride. LAD indicates left anterior descending coronary artery.
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and the anterior septal coronary artery was reperfused. Lidocaine hydrochloride (1 mg/kg) and procainamide (12.5 mg/kg) were administered intravenously at the time of occlusion. A second dose of lidocaine was administered at the time of reperfusion. Intercostal nerve blocks were performed using 1% lidocaine, and the chest was closed. After surgery, the animals received supplemental oxygen for 12 hours, morphine sulfate (0.1 mg/kg) subcutaneously every 4 hours as needed for pain relief, and 600 000 U/d of penicillin G IM for 3 days.
Four to 7 days later, the animals were reanesthetized and ventilated in the same fashion as described above. A catheter was placed in the left femoral artery to monitor the arterial blood pressure. The chest was entered through a median sternotomy. Both vena cavae were encircled with tapes, and the azygous vein was ligated. The heart was exposed and suspended in a pericardial cradle. An asanguinous priming solution and a William Harvey oxygenator (model H-1500, Bard) were used for cardiopulmonary bypass. After heparinization (300 U/kg IV bolus) and direct cannulation of both cavae, normothermic cardiopulmonary bypass was established, and a mean arterial pressure of 60 to 80 mm Hg was maintained. The interatrial groove was dissected to expose the septal portion of the left atrium. The heart was arrested with electrically induced ventricular fibrillation, and a standard left atriotomy was performed. The left ventricular endocardial electrode mold containing multiple electrodes was introduced The left ventricular (LV-ENDO) electrode (C) was molded from fresh postmortem hearts and conformed to the internal anatomy of the left ventricle (LV). Indentations accommodated the anterior and posterior papillary muscles; these, combined with an aortic outflow tract prominence, provided three-point fixation within the LV endocardial cavity. The LV electrode was inserted across the mitral valve. These epicardial and endocardial molds standardized 185 unipolar electrode positions on the epicardial and endocardial surfaces. Post. indicates posterior; Ant., anterior; FREE, free wall; and SEP., septum.
into the left ventricle through the left atriotomy to avoid the need for a ventriculotomy. The right ventricular endocardial mold was introduced through a right atriotomy across the tricuspid valve into the right ventricle. Sinus rhythm was restored after DC cardioversion. The entire epicardial surface of the heart was covered with a multipoint epicardial mold. A bipolar reference electrode and a pacing electrode were placed on the right ventricular free wall. A second bipolar reference electrode was placed on the right atrium to monitor atrial activation. A common reference electrode for all cardiac unipolar electrograms was sewn on the inside of the right hemithorax at a distance of at least 15 cm from the heart. Arterial blood gases, serum potassium, and hematocrit values were monitored at 20-minute intervals throughout the study. Sodium bicarbonate and potassium were administered as needed to maintain acid-base equilibrium and potassium level within normal limits.
Epicardial and Endocardial Electrodes and Mapping System
Unipolar data were recorded from 185 epicardial and endocardial sites (Fig 2) . Intramural electrograms were recorded by use of multipoint plunge electrodes. All endocardial and epicardial molds were constructed using 2-mm silver beads for electrode points. The epicardial mold was constructed of foam rubber based on the epicardial structure of the normal canine heart. Sixty-one electrodes were arranged 12 mm apart with 5 electrode points each on 12 arrays placed equally within the cup-shaped mold; in addition, one point was placed at the apex of the mold. The elasticity of the mold provided optimal contact between the electrode points and the epicardial surface. The endocardial molds for the right and left ventricles were molded from fresh postmortem hearts and conformed to the internal ventricular anatomy. The interelectrode distances were approximately 8 mm for the endocardial electrodes. The unique shape of the right ventricular endocardial mold corresponded to the internal anatomy of the right ventricle, providing three-point fixation. Indentations on the left ventricular mold accommodated the anterior and posterior papillary muscles; these, combined with an aortic outflow tract prominence, provided three-point fixation within the left ventricular endocardial cavity. The right ventricular mold was covered with 60 electrode points. The left ventricular mold was covered with 64 electrode points. The aim was to evenly distribute the electrode points over the surface of the endocardial and epicardial molds. The endocardial and epicardial molds were positioned so that the electrode points occupied the same anatomic position in each study. The unique anatomic position of each electrode point was translated on to the computer mapping system. Thus, these epicardial and endocardial molds standardized the 185 electrode positions on the epicardial and endocardial surfaces. Multistranded, stainless steel-insulated wires connected the electrodes to the mapping system. Signals from each unipolar electrode were connected to differential amplifiers at an input impedance of 10 f 12 A 256-channel mapping system was used. For this system, two PDP 11/23+ computers (Digital Equipment Corp) were linked to separate 128-channel, analog-to-digital converters capable of digitizing the unipolar data at a rate of 1000 samples per second. The two computers were linked to a single Microvax III computer (Digital Equipment Corp) used to display the waveforms and analyze the data. The time of the peak negative derivative (-dV/dtma,,) of the unipolar ECG was used as the time of local activation. With the 256-channel mapping system, unipolar data were recorded simultaneously from the 185 electrode positions evenly distributed over the endocardial and epicardial surfaces and standardized by the electrode forms. In addition, multipoint-needle plunge electrodes were used to map intramural activation. Up to 60 additional intramural points could be mapped simultaneously with the electrograms recorded from all of the endocardial and epicardial points.
Potential distribution mapping was used intraoperatively to localize the site of origin for the purpose of guiding ablation attempts. This method was chosen because it provides for rapid evaluation of large numbers of electrograms (details have been published previously18, 19) . Activation times were determined using the time of the peak negative derivative of the unipolar complex as the time of local activation.
Study Design
After placement of the animals on normothermic total cardiopulmonary bypass, the endocardial and epicardial electrodes were positioned. Programmed electrical stimulation (Bloom model DTV-101) was performed to induce VT. Pacing was performed at a pulse width of 2 milliseconds at twice the late diastolic current threshold. A train of eight paced beats (Si) at a basic cycle length of 300 milliseconds was delivered, followed by a double premature stimuli (S2 and S3). The S2S3 interval was lowered by 5-millisecond decrements until noncapture of the S3 occurred, at which time the S1S2 coupling interval was decremented by 5 milliseconds. This sequence was repeated until either the heart became refractory to the S2 or until VT occurred. If the heart became refractory to S2, then the S, interval was reduced to 275 milliseconds. If no VT was induced at an S, cycle length of 275 milliseconds, then an S, cycle length of 250 milliseconds was used. Ablation of VT was attempted in animals with repeatedly inducible VT. Repeatedly inducible VT was defined as VT of a single surface ECG morphology, which could be induced at least 25% of the time at a single programmed electrical stimulation setting. All morphologies of repeatedly inducible VT were terminated by pacing the ventricle at a cycle length 50% to 75% of the VT cycle length. Potential distribution maps were constructed for repeatedly inducible VT, and the site of earliest activation was identified. Cryolesions were made using a nitrous oxide cryoprobe with a 4-mm base and a 3-mm tip. The freezing time was 4 minutes for each lesion, and the probe reached a temperature of -60°C. An attempt was made to have the animal in sustained VT while the cryolesions were placed, since termination of VT during placement of the cryolesions was taken as evidence of accurate localization of the site of earliest activation. After placement of the cryolesions, reinitiation of VT was attempted both at the original settings and through the entire programmed electrical stimulation protocol. If VT could be reinitiated with the same surface QRS morphology as the original VT, additional cryolesions were placed at the initial site of earliest activation. However, if repeatedly inducible VT with a different surface QRS morphology was initiated during retesting, it was mapped and cryolesions were directed at this new site of earliest activation. Repositioning of the molds after ablation was facilitated by the shape of the molds, which conformed to the internal anatomy of the left and right ventricles and provided three-point fixation. Ablation was successful if no VT of any morphology could be induced. eight S1s is shown followed by double premature stimuli. This results after several beats in sustained monomorphic VT. Trace B demonstrates termination of sustained monomorphic VT with pacing at a cycle length shorter than the cycle length of the VT, suggesting a reentrant mechanism. Trace C shows the termination of sustained VT by cryoablation. VT was induced before application of the cryoprobe. During freezing, the VT abruptly terminates. Note that the cycle length remains uniform until the last cycle, when it lengthens slightly and then terminates. Note the shoulder that develops at the end of the T wave of the second to last cycle, indicating a pause before the initiation of the final cycle. Also note that the final QRS is not wider than previous QRS complexes but that instead, the greater cycle length is the result of a pause before initiation of the last cycle. This suggests that a critical portion of the reentrant circuit, most likely the area of slow conduction, is being slowed before initiation of the last cycle. As cardiopulmonary bypass and five septal cryolesions were placed, three on the left ventricular endocardial surface and two on the right ventricular endocardial surface. At the end of the study, the animal was killed as described above. The heart was excised and stained with TTC. The average depth was 6±1 mm, with an average diameter of 9±1 mm.
Results
Fifteen morphologies of repeatedly inducible sustained VT were mapped in 9 animals, including 5 animals with one VT morphology, 2 animals with two VT morphologies, and 2 animals with three VT morphologies. The mean VT cycle length was 184±33 milliseconds. Postmortem examination and TTC staining revealed septal infarctions in all the animals in which VT could be induced. The earliest point of activation recorded from the endocardial and epicardial molds occurred over the endocardial surface of the septum in all 15 morphologies of VT. In 1 animal there was near simultaneous activation of the right and left ventricular endocardial septal surface; in this animal intramural mapping with plunge electrodes revealed a septal midwall site of earliest activation. In the remaining 14 morphologies of VT, the site of earliest activation occurred on either the right (n=3) or left (n= 11) endocardial septal surface.
Patterns of Activation
Isochron activation maps were constructed for each morphology of VT. Four distinct activation patterns were observed emanating from the site of earliest activation.
In seven morphologies of VT all with earliest activation on the left ventricular endocardium, the activation sequence was characterized by a circular reentrant pattern (Fig 4) . A single activation wave front spread in only one direction for the site of earliest activation and circled around the left ventricular endocardium in either a clockwise or counterclockwise direction, with the latest activation times recorded immediately adjacent to the earliest site of activation. There was always an isoelectric gap. The activation sequence of the epicardium was uniformly characterized by a concentric spread pattern of activation. The right ventricular endocardial activation sequence, although frequently more complex than the epicardial concentric spread pattern of activation, failed to mirror or suggest the pattern of activation of the left ventricular endocardium.
In five morphologies of VT, the activation sequence on the endocardial surface of earliest activation was characterized by a concentric spread of activation from the site of earliest activation, which occurred on either the left ventricular endocardium (n=2) or the right ventricular endocardium (n=3). In the example shown in Fig 5, In two morphologies of VT, both with earliest points of activation recorded on the left ventricular endocardium, the activation sequence was characterized by a figure-of-eight pattern (Fig 6) . From the site of earliest activation, the wave front split into two arcs, one clockwise and one counterclockwise, circling around two putative arcs of conduction block and eventually reuniting to form a common return limb back to the site of onset. This sequence of activation followed the figure-of-eight pattern recorded from the epicardial surface of dogs after left anterior descending coronary artery infarction as described by El-Sherif et a12 and is consistent with a reentrant mechanism.
A pattern of activation in which earliest recorded activation occurred in septal midwall was observed in 1 animal with a single morphology of VT (Fig 7) . In this animal there was See Fig 4 for Results of Ablation Attempts Ablation of VT was attempted using a nitrous oxide cryoprobe (Fridgetronics Corp) with a 3-mm tip and a 4-mm base. Cryolesions were placed at the site of earliest recorded activation, the presumed exit point from an area of slow conduction. VT was successfully ablated in 14 of 15 morphologies using 2 to 14 cryolesions (4±3 cryolesions per morphology). Two techniques of cryoablation were used. In 6 of 9 animals in the study, ablations were performed through ventriculotomies. In the remaining 3 animals, a transtricuspid or transmitral approach was used. The ventriculotomy technique was chosen because it allowed precise placement of cryolesions immediately adjacent to the electrode from which earliest activation was recorded. In addition, cryolesions were placed in an open, dry field. VT was induced after ventriculotomy to ensure that the ventriculotomy itself was not responsible for terminating the arrhythmia. In the ventriculotomy group, 2 to 4 cryolesions per morphology of VT were required for ablation. The transmitral or transcuspid approach was used in 3 animals. The first animal in which a transmitral/transtricuspid approach was used had 2 morphologies of VT. The first morphology was induced with earliest activation recorded on the right ventricular septal surface. This morphology of VT was successfully ablated with 2 cryolesions. An additional morphology of VT was then induced with earliest recorded activation on the left ventricular endocardial surface adjacent to the base of the posterior papillary muscle. Despite a total of 5 cryolesions directed at this point, the VT was still inducible. At this point in the experiment, the animal's condition deteriorated, and the study was terminated. It was noteworthy that this morphology of VT could be repeatedly terminated by application of the normothermic cryoprobe to the site of earliest activation. The earliest site of activation of this morphology of VT was near the apex of the left ventricular cavity. Difficulty was encountered in keeping the left ventricular cavity dry and the ventricular walls away from the cryoprobe during freezing. Rapid thawing may have contributed to the difficulty in achieving ablation of this morphology of VT. This is supported by the repeated termination of VT by the application of the normothermic cryoprobe, indicating that the earliest site of activation had been correctly localized. The second animal in which VT ablation was attempted using a transmitral approach required a total of 9 cryolesions placed over the posterior left ventricular endocardial septal surface from which earliest activation was recorded. Again, warming of the cryolesion by the myocardium and the intracavitary blood may have contributed to the increased number of cryolesions required as compared with the ventriculotomy group. A morphology of VT was induced in 1 animal in which earliest recorded activation was in the midportion of the interventricular septum, a transmitral-transtricuspid approach to ablation was used. In this animal, a total of 14 cryolesions, 7 on each side of the septum, were required for ablation. The difficulty in ablating this morphology of VT is consistent with the midwall site of earliest activation, demonstrated by intramural mapping, since the cryolesions only penetrate 6 mm. In all of the morphologies of VT studied, either cryoablation (14 of 15) or termination of sustained VT by application of the normothermic cryoprobe (1 of 15) confirmed the site of earliest activation as determined by intraoperative mapping. The sites of earliest activation of all morphologies of VT are summarized in Fig 9. 
Discussion
Intraoperative mapping during surgery for VT in humans demonstrates that VT originates in the subendocardium in the majority of cases, and epicardial activation wavefront breakthrough cannot be relied on to correspond with the subendocardial site of origin. [20] [21] [22] Well-characterized canine models of chronic VT have produce a canine model of VT with a subendocardial origin, it was necessary to produce an interventricular septal infarction. A single artery, the anterior septal coronary artery, is the blood supply for 75% of the canine interventricular septum and therefore this was the vessel we chose to occlude to produce the infarcts that we studied. Previous studies using anterior septal coronary artery infarction and ligation include those of Lumb et a123 and Hashiba et al,24 who used anterior septal artery ligation in the dog to study bundle branch block and complete atrioventricular (AV) block. In a series of studies, El-Sherif, Scherlag, and Lazarra25-28 used ligation of the anterior septal coronary artery to study a variety of conduction defects including Mobitz type II, rate-dependent bundle branch block and paroxysmal AV block. All of these studies were performed primarily to study the conduction defects associated with acute ischemia of the basal interventricular septum. Further studies used this model to study ventricular arrhythmias after acute myocardial ischemia, demonstrating that the ventricular arrhythmias arose from the basal portion of the septum and that they had a reentrant mechanism.29 Using plunge electrodes and pace mapping 24 hours after anterior septal coronary artery infarction, Spear et a130 demonstrated that ventricular arrhythmias arose from the subendocardium. Spielman et al31 reported that anterior septal infarctions in the dog produced VT that was initiated by programmed electrical stimulation and had a subendocardial origin. Based on these studies, we proceeded to develop a model of chronic VT using anterior septal coronary artery ligation. Four patterns of activation were observed; all of the activation patterns described have also been observed during intraoperative mapping during surgery for VT in humans. Two morphologies of VT demonstrated a figure-of-eight pattern of activation (Fig 6) similar to that observed in humans during intraoperative studies. 21, 22 This activation pattern was recorded from the left ventricular endocardium; it was characterized by two large arcs of activation that both circled back toward the site of earliest activation so that the latest activation times were adjacent to the site of earliest activation. Seven morphologies of VT, all with earliest activation recorded from the left ventricular endocardium, had a circular reentrant pattern of activation (Fig  4) . The circular reentrant pattern was characterized by the spread of the activation wave front in one direction, from the site of earliest activation, around the left ventricular endocardium to the latest area of activation, which was always adjacent to the site of earliest activation. This pattern is similar to that recorded by Harris et a121 during intraoperative mapping in humans in which they described a circular activation sequence characterized by a broad wave front of excitation that circled around the ventricle. They also recorded incomplete circular activation in which there was a measurable isoelectric gap, presumably representing an area of slow conduction during which electrical activity could not be recorded. This most closely resembles the circular reentrant pattern described in this study. The circular reentrant pattern of activation may also represent an incomplete figure-of-eight pattern of activation. An incomplete figure-of-eight pattern of activation, also described in humans, is characterized by two arcs of patterns we observed may represent incomplete figureof-eight patterns. In addition, the basilar location of the infarct may also permit only one arc of activation spreading toward the apex because the opposite arc of activation, which would spread toward the base, had inadequate tissue to complete its return limb. Both the figure-of-eight and circular reentrant patterns of activation support a reentrant mechanism of the VT. A concentric spread pattern of activation also observed in humans was the pattern of activation of five morphologies of VT; this activation pattern was characterized by the radial spread of the activation wave front from the point of earliest activation.21,22 Although the activation sequence would suggest an ectopic pacemaker as the mechanism for the tachycardia, using global activation mapping as well as intramural mapping with plunge electrodes, we were able to identify nearly continuous electrical activity and a global activation sequence consistent with reentry in the example shown in Fig 5. In a single morphology of VT in this study, intramural mapping of the interventricular septum with plunge electrodes demonstrated a midwall septal site of earliest activation with concentric spread from that point (Fig  7) . There was near simultaneous activation of the left and right ventricular endocardial septal surfaces. The remainder of the activation sequence was characterized by the concentric spread of the activation wave front from the site of endocardial wave front breakthrough. Intraoperative interventions confirmed the site of earliest activation of all the morphologies of VT in this study. VT Multiple VT morphologies were found in 4 animals, including 2 animals with three morphologies each and 2 animals with two morphologies each. After successful ablation of the first VT morphology, VT with a different surface QRS morphology could be initiated. When the new VT morphology was initiated during postablation programmed electrical stimulation, it was mapped and ablation attempted. To be characterized as a distinct morphology, this new morphology had to have a different site of earliest activation, cycle length, and activation sequence (Fig 8) . The first morphology of VT had a shorter cycle length (164±+11 milliseconds) than subsequent morphologies (210±29 milliseconds, P=.03). This suggests that in some animals there are multiple potential reentrant pathways and the VT with the shortest cycle length will dominate.
The resolution of the mapping in this study was limited by the interelectrode distances, =8 mm for the endocardial molds and =12 mm for the epicardial molds. The interelectrode distances were determined by the desire to map global myocardial activation combined with intramural mapping, simultaneously using the 256-channel mapping system. Although increased electrode points could have been used with the present system if multipass mapping (alternating recording from different electrode arrays during sustained monomorphic VT) was used, the short cycle length made this technique unacceptable because a small change in the cycle length could alter the apparent activation sequence. To accurately determine the site of earliest activation, global activation sequence, and therefore to determine the mechanism, this mapping technique was chosen despite the limitations. A second weakness of this study was the use of unipolar mapping. This technique was chosen because previous studies have demonstrated that potential distribution mapping using unipolar electrode points can rapidly and accurately localize the site of earliest activation, and this technique was used to locate the site of earliest activation intraoperatively for the purposes of ablation.18,19 However, it can be difficult to determine the site of earliest activation from electrograms with QS patterns found adjacent to the infarct and the site of earliest activation. This study used the peak negative derivative (-dV/dtmax ) of the unipolar electrogram as the site of local activation of the myocardial tissue adjacent to the electrode. Intraoperative interventions that terminated the VT support the interpretation of the electrograms in the study. Future studies using shorter interelectrode distances and bipolar mapping may provide additional information concerning this model of VT. Anterior septal coronary artery infarction in the dog produces VT with origins and activation sequences similar to those in humans. A reentrant mechanism is supported by the following observations: (1) all VT was initiated and terminated with programmed electrical stimulation; (2) activation sequences were consistent with reentry; and (3) precise interruption of the sequence terminates VT and renders it noninducible. Because of its similarity to the architecture of the infarct and the activation patterns of VT in humans, this model may be superior to left anterior descending coronary artery infarct models for the evaluation of surgical and catheter ablation techniques as well as pharmacological interventions.
